Temperature dependent anisotropy and linewidth in the high-Q ferrimagnet
  V(TCNE)x by Yusuf, Huma et al.
  1 
 
Temperature dependent anisotropy and linewidth  
in the high-Q ferrimagnet V(TCNE)x 
H. Yusuf*1, M. Chilcote*1,2, D. R. Candido3, D. S. Cormode1, Y. Lu1, M. E. Flatté3, E. 
Johnston-Halperin1 
 
1Department of Physics, The Ohio State University, Columbus, Ohio 43210 
 
2School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853 
 
3Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa, 52242 
 
* These authors contributed equally to this work. 
 
Abstract: The search for low-loss magnetic materials, traditionally driven by applications 
in microwave electronics, has gained new urgency and additional constraints from 
emerging applications in quantum information science and technology. While yttrium iron 
garnet (YIG) has been the material of choice for decades, the emergence of molecule-based 
materials with robust magnetism and ultra-low damping has opened new avenues for 
exploration. Specifically, thin films of vanadium tetracyanoethylene (V(TCNE)x) have 
shown room temperature Gilbert damping that rivals the intrinsic (bulk) damping of 
polished YIG spheres (a = 4 x 10-5). Here, we present the first systematic study of the low-
temperature regime for V(TCNE)x thin films, revealing a temperature-drive strain 
dependent magnetic anisotropy that compensates the thin film shape anisotropy, and the 
recovery of magnetic resonance linewidth at 5 K comparable to room temperature values 
(roughly 2 G at 9.86 GHz). We can account for the variations of the V(TCNE)x linewidth 
within the context of the varying magnetic anisotropy and see no signature of scattering 
from paramagnetic impurities.  
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The search for low-loss magnetic materials dates to the early days of radio and 
microwave electronics  [1–3] and is motivated by the utility of magnetic resonators with 
resonant frequencies that can be easily tuned from 100’s of MHz to 10’s of GHz. A central 
challenge in this search is the fact that the same delocalized electrons that are most often 
responsible for stabilizing ferromagnetic order also contribute to strong eddy current loss 
and spin-magnon coupling in the resulting metallic ferromagnetic materials  [4–7]. As a 
result, this search has focused on insulating ferromagnets and ferrimagnets, with yttrium 
iron garnet (YIG) and its close relatives holding pride of place as the benchmark low-loss 
material for more than 50 years  [8–12]. More recently, interest in these low loss systems 
has expanded to include applications in coherent and quantum magnonics such as quantum 
sensing and quantum transduction [13–16], wherein low temperature operation allows for 
the freeze out of thermal excitations and access to the single quantum regime. However, 
despite these longstanding and emerging needs applications are still constrained by the 
materials limitations of YIG; namely the need for growth or annealing at high temperatures 
(typically 800°C)  [17–19] and the substantial difficulty of integrating and patterning YIG 
thin films with other microwave electronic structures and devices.  
In this context, the emergence of the molecule-based ferrimagnet vanadium 
tetracyanoethylene (V(TCNE)x) has dramatically expanded the playing field for low-loss 
magnets. Despite its molecular building blocks, V(TCNE)x has a magnetic ordering 
temperature of over 600 K and shows sharp hysteresis at room temperature  [20–22]. 
Moreover, its dynamic properties are exceptional, showing ultra-narrow ferromagnetic 
resonance (FMR) linewidth (typically ~ 1 – 1.5 G at 9.86 GHz) with a Gilbert damping 
parameter, a, of 4 x 10-5 for thin films [20,23]. As a comparison, the best YIG thin films 
typically show a = 6.5 x 10-5  [24] and a value of 4 x 10-5 is competitive with the intrinsic 
damping of bulk YIG a = 3 x 10-5  [17,25]. From an applications perspective, V(TCNE)x 
has been shown to deposit on a wide variety of substrates without compromising material 
quality  [26–28], facile encapsulation allows for direct integration with pre-patterned 
microwave structures for operation under ambient conditions [29], and recent work has 
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demonstrated patterning at length scales down to 10 µm without increased damping  [23]. 
However, while these properties clearly establish the potential of V(TCNE)x for new 
applications in traditional microwave electronics, very little is known about its low-
temperature magnetization dynamics and therefore its potential for applications in quantum 
information science and technology (QIST). 
Here we present for the first time a detailed study of the low temperature magnetic 
resonance of V(TCNE)x films. We identify two regimes. In the high temperature regime, 
extending from 300 K down to 10 K, we observe a monotonic shift in the resonance 
frequency consistent with a temperature dependent strain. This strain results in a crystal-
field anisotropy that increases with decreasing temperature with a magnitude of at least 
140 Oe and the same symmetry, but opposite sign, to the shape anisotropy of the thin film.  
In addition, we observe an increase in linewidth consistent with magnon scattering from 
paramagnetic impurities similar to what has been observed in YIG  [25,30,31], but with an 
amplitude 3 times smaller (i.e. an increase in linewidth by 9 times in V(TCNE)x as 
compared to 28 times in YIG  [25,32]). In the low temperature regime, starting at 10 K and 
extending to 5 K, we observe a discontinuous change in both anisotropy and linewidth: the 
anisotropy abruptly reverts to the room temperature symmetry (in-plane easy axis) and the 
linewidth drops close to room temperature values (2.58 G). This behavior can be explained 
using a model for scattering between magnons and paramagnetic impurities that takes into 
account the finite spin-lifetime of excitations of the impurity spins  [25,33]. At high 
temperatures (above 100 K) the spin lifetime is sufficiently short that changes in 
temperature do not lead to significant changes in scattering rate, and at low temperatures 
(below 10 K) the spin lifetime is sufficiently long that the ensemble completely polarizes 
and precesses in phase with the magnons. At intermediate temperatures (from 10 K to 100 
K) this spin-magnon scattering dominates relaxation and results in a local maximum in the 
linewidth that is 9 times larger than the room temperature value. These results are 
extremely promising for low temperature applications of V(TCNE)x magnonics, promising 
low temperature magnon resonators with unprecedented low loss that can be integrated on-
chip into microwave electronic circuits and devices [22,23]. 
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Thin films of V(TCNE)x are deposited on sapphire substrates using chemical vapor 
deposition (CVD) growth process consistent with prior reports [20, 21].  Briefly, argon gas 
transfers the two precursors tetracyanoethylene (TCNE) and vanadium hexacarbonyl 
(V(CO)6) into the reaction zone of a custom-built CVD reactor (Fig. 1(a)) where V(TCNE)x 
is deposited onto polished sapphire substrates. The system is temperature controlled to 
maintain the TCNE, V(CO)6 and the reaction zones at 70o C, 10o C and 50o C respectively. 
After growth the sample is mounted on a custom, microwave-compatible sample holder 
and sealed in an electron paramagnetic resonance (EPR) grade quartz tube under argon 
environment. When the sample is not being measured, it is stored in -35o C freezer housed 
in an argon glovebox and is stable for over one month [30].  
Ferromagnetic resonance (FMR) measurements are performed using a Bruker EMX 
Plus X-band EPR spectrometer with a TE102 resonant cavity at temperatures ranging from 
300 K down to 5 K. The microwave frequency of the spectrometer is tuned between 9 and 
10 GHz for optimal microwave cavity performance before the measurement, and then the 
frequency is fixed while the DC field is swept during data collection. Figure 1(b) shows a 
representative room-temperature FMR measurement of a typical V(TCNE)x thin film with 
the external magnetic field applied in the plane of the sample. The resonance feature is 
consistent with previously reported high-quality V(TCNE)x thin film growth, showing a 
peak-to-peak linewidth of about 1.5 G at 9.4 GHz [20, 21]. 
Comparing this data to FMR measurements at temperatures of 80 K and 40 K 
(Figure 1(c)) shows an increase in the resonance field of over 40 G (roughly half of the 
saturation magnetization, Ms) as the temperature decreases. Since the applied microwave 
frequency is held constant at 9.4 GHz, this shift must arise from fields internal to the 
V(TCNE)x film, i.e. magnetic anisotropy fields. Note that since the value of the DC applied 
field varies between 3350 G and 3450 G, well above Ms, changes in the magnetization of 
the film are not expected to contribute to this field shift.  In a similar fashion, changes in 
the shape dependent anisotropy fields can be ruled out, leaving only changes to the crystal-
field anisotropy as a potential source of this phenomenon. Crystal-field anisotropy 
originates from the interaction of a material’s mean exchange field and the angular 
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momenta of neighboring atoms (ions) in the material, indicating that there is a temperature 
dependence to the local atomic environment within the V(TCNE)x films, e.g. due to a 
temperature dependent strain within the film.  
In order to more comprehensively map out this phenomenon angle dependent FMR 
measurements are performed to quantitatively track changes in the magnetic anisotropy at 
temperatures of 300 K, 80 K, and 40 K (Fig. 2). The variation of the magnetic resonance 
field as a function of the angle between the applied field and the principle axes of the film 
can be modeled by considering the free energy of the magnetic system with anisotropic 
contributions. If we consider the case of a uniaxial  anisotropy with the hard-axis 
perpendicular to the easy-axis, and where the magnetization is parallel to the external field 
(i.e. external field is much larger than the saturation magnetization) the total magnetostatic 
energy is as follows  [34]: 
  																																														𝐸 = −𝑴 · 𝑯 + 2𝜋(𝑴 · 𝒏)𝟐 − 𝐾(𝑴 · 𝒖 𝑀⁄ )3                          (1) 
 
where M is the magnetization, H is the applied magnetic field, n is the unit vector parallel 
to the normal, u is the unit vector parallel to the easy-axis and K is an anisotropy constant. 
For the case of in-plane uniaxial anisotropy, this simplifies to 
 
           𝐸 = −𝑴 · 𝑯	(sin𝜙 sin 𝜃3 +	 cos 𝜃3) + 2𝜋𝑀3 cos 𝜃3 − 𝐾 sin 𝜃3 sin𝜙3               (2) 
    
where 𝜃 is the angle between the external field and the sample normal and 𝜙  
is the azimuthal angle. Minimizing the magnetostatic energy with respect to 𝜃 , one will 
find that the easy-axis orientation occurs when 𝜃 = 2𝑛𝜋 ±	=3. Using this simple symmetry 
analysis, we can see that the data in Fig. 2 indicate that the easy-axis lies in-plane at a 
temperature of 300 K (i.e. the resonance field is smallest when the applied magnetic field 
lies in-plane) and out of plane at a temperature of 40 K (i.e. the resonance field is smallest 
with the applied magnetic field is out of plane). In this context, the lack of variation in 
  6 
resonance field at 80 K indicates a nearly isotropic magnetic response. This switch in 
magnetic easy-axis from in-plane to out-of-plane further supports the proposition that there 
is an additional temperature-dependent crystal-field contribution to the magnetic 
anisotropy.  
In previous studies, templated growth of V(TCNE)x resulting in nanowire 
morphologies induced an additional in-plane magnetic anisotropy with easy axis 
perpendicular to the long axis of the nanowires  [35]. Due to the dense packing of the 
nanowire structures and the symmetry of this anisotropy, shape anisotropy was ruled out 
as a potential origin for this effect, strongly indicating the presence of a strain-dependent 
contribution to the crystal field anisotropy. In the thin films studied here such a strain-
dependent crystal field effect would be expected to generate anisotropy parallel to the 
surface normal, i.e. in the out-of-plane direction. This anisotropy field would then be 
parallel to the expected shape anisotropy from a thin film, though not necessarily with the 
same sign. As a result, if there is a difference in the coefficient of thermal expansion 
between the V(TCNE)x film and the sapphire substrate then the temperature dependence 
of the observed anisotropy can potentially be understood as a proxy for a temperature 
dependence to the strain in the film, which in turn drives a change in the local atomic 
structure and therefore the observed changes in magnetic anisotropy. 
A schematic describing how these two anisotropy fields would be expected to 
interact as a function of temperature can be found in Fig. 3(a). At a temperature of 300 K 
(Fig. 3(a), upper panels), the orientation of the easy-axis is determined by the shape 
anisotropy, resulting in an in-plane easy axis for thin films. But at a temperature of 40 K 
(Fig. 3(a) lower panels), there is an additional crystal-field anisotropy, 𝐻?, proposed that 
dominates the shape anisotropy, reorienting the easy-axis to be out-of-plane. This 
symmetry analysis also explains the lack of orientation dependence at a temperature of 80 
K, this is apparently the temperature at which the strain-driven crystal field anisotropy 
perfectly cancels out the shape anisotropy. We note that similar phenomenology is also 
observed in vanadium methyl tricyanoethylenecarboxylate (V(MeTCEC)x) thin films (see 
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supplementary materials), indicating that this temperature- and strain-dependent 
anisotropy is a general property of this class of metal-ligand ferrimagnets. 
The fact that the shape and proposed crystal-field anisotropies have the same 
symmetry make it challenging to distinguish between the two; therefore, an effective field 
is defined as 𝐻eff = 4𝜋𝑀ABB = 4𝜋𝑀C − 𝐻?, where 𝑀C	is the saturation magnetization and 𝐻?is the crystal field anisotropy. Figure 2 shows the effects of this net anisotropy field in 
the form of resonance field shifts and a change in the easy-axis orientation. Quantitatively 
extracting the magnitude and direction of this anisotropy field should provide detailed 
insight into the role of crystal field anisotropy in tuning the magnetic response of 
V(TCNE)x thin films. To this end, each scan is fit to the sum of the derivatives of absorption 
and dispersion from a Lorentzian function to extract the resonance frequency and 
linewidth. For scans showing an out-of-plane easy-axis a single derivative sum provides 
good agreement with the data, while scans showing in-plane easy-axis a modest satellite 
peak is observed requiring the addition of up to three derivative sums. In the results 
discussed below we focus on the behavior of the primary peak (a full description of the 
fitting and resulting phenomenology can be found in the supplemental material).  
Figure 3(b) shows the extracted resonance field plotted against sample rotation 
angle for the high and low temperature data shown in Fig. 2, 300 K and 40 K, respectively. 
Taking into account a uniaxial out-of-plane anisotropy defined by 𝑀ABB, as described 
above, the angular dependence for in-plane to out-of-plane rotation of a thin film sample 
is given by  [21,36,37]: 
 
 
 
                                             
where w is the Larmor precession frequency and g is the gyromagnetic ratio. As a result, 
the phenomenology of the data presented in Fig. 2 can be understood as an 𝑀ABB that is 
positive at 300 K and negative at 40 K, as 𝐻? increases with decreasing temperature, 
(3) 
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consistent with the mechanism for anisotropy switching described in Fig. 3(a). This 
qualitative understanding can be made quantitative by fitting the data in Fig. 2 using Eq. 
(3) to extract 𝐻eff = 4𝜋𝑀ABB. 
Figure 3(c) shows this 𝐻ABB plotted against temperature over the temperature range 
from 300 K to 5 K, extracted from angular dependencies such as the measurements 
presented in Fig. 2. The effective field makes a smooth transition through zero from 
positive (in-plane) to negative (out-of-plane) at a temperature of roughly 80 K. This 
behavior is qualitatively consistent with the phenomenological model presented above and 
reveals a magnitude of the variation in 𝐻ABB, from +90 G at 300 K to -45 G at 10 K, that is 
roughly 150% of the room temperature value.  
Notably, this more comprehensive study also reveals new phenomenology at the 
lowest temperature of 5 K, where the anisotropy abruptly shifts back to in-plane with a 
value of +25 G (roughly 25% of the room temperature value). This behavior reproduces 
across all samples measured and is quantitatively reproduced upon temperature cycling of 
individual films. The abruptness of this change is distinct from the broad and monotonic 
behavior observed for temperatures greater than 10 K. The origin of this abrupt change is 
unclear, but there are two potential explanations consistent with this phenomenology. First, 
it is possible that the increase in strain results in an abrupt relaxation through the creation 
of structural defects. This explanation would require some level of self-healing upon 
warming in order to explain the reproducibility of the transition. Given the lack of long-
range structural order in V(TCNE)x films as-grown [38] it is possible that any residual 
structural defects do not contribute to additional magnetic loss (damping). Second, it is 
possible that there exist paramagnetic spins in the system that magnetically order at 
temperatures below 10 K. If such spins were preferentially located in an interface layer, 
their ordering could create an exchange bias that would then pull the easy-axis back to an 
in-plane orientation. 
The temperature dependence of the linewidth of the magnetic resonance provides 
an additional avenue for evaluating these potential explanations. Figure 4 shows the 
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linewidth for the in-plane magnetic resonance from 300 K to 5 K, with additional data to 
more clearly resolve the sharp change between 5 K and 10 K. This data reveals a monotonic 
increase in linewidth with decreasing temperature from 300 K down to 10 K followed by 
a dramatic decrease in linewidth between 10 K and 5 K, coincident with the abrupt change 
in magnetic anisotropy. We note that in studies of YIG thin films broadly similar 
phenomenology is observed, though with a maximum in linewidth that is both higher 
amplitude (roughly 28 times the room temperature value) and at higher temperature 
(typically 25 K) than is observed here [25,32]. Prior work [25,30] has explained this 
behavior using a model of magnon scattering from paramagnetic defect spins (also referred 
to as two-level fluctuators, TLF), wherein the scattering cross-section at high temperature 
increases with decreasing temperature as the thermal polarization of the spins increases. 
This phenomenology competes with magnon-pumping of the paramagnetic spins into their 
excited state, a process that saturates as the spin-lifetime of the defects becomes long 
relative to the spin-magnon scattering time. The competition between these two processes 
yields a local maximum in the damping (linewidth) that depends on the temperature 
dependent spin lifetime, ts, the energy separation between majority and minority spin states, 
ℏωeg, and the difference between that energy splitting and the uniform magnon energy, 
(ℏωeg - ℏω).  
In this model, the linewidth expression is proportional to the square of the energy 
difference between the exchange interaction between V(TCNE)x atoms and the impurity 
level, (ℏωint)2 - (ℏωeg)2, a line-shape factor accounting for the finite spin lifetime, 
ts/(1+(ℏωeg - ℏω)2ts2), and the ratio between the ground and excited impurity states, 
tanh(ℏω/2kBT)  [25, 30], 
 
 
 
 
where Nimp/N is the ratio between number of impurities and number of V(TCNE)x atoms, 
and S is the averaged V(TCNE)x spin per site. In addition, we assume spin lifetime ts = t∞ 
(4) +	𝐻D 
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𝑒FG HIJK  [25,33] where t∞ is the spin lifetime limit at very high temperatures, and Eb is a 
phenomenological activation energy. Figure 4 includes a fit of Eq. (4) to the experimental 
linewidth (orange line) that yields for S ~ 1 and ωint ~ ωeg the parameters: ωegt∞ = 0.98, Eb 
= 1meV, ωegNimp/N = 36.5GHz and 𝐻D = 1	G. Interestingly, if we assume a reasonable 
value for ℏωeg of 1.3 meV, a value of Nimp/N = 0.1 follows, thus indicating that V(TCNE)x 
is an exceptional low loss magnetic material even if we assume an impurity concentration 
as high as 10%.  
However, it is important to note that the peak in linewidth coincides with the abrupt 
reversion in anisotropy from an out-of-plane easy-axis to an in-plane easy-axis. This 
change in magnetic anisotropy has the potential to have a substantial impact on spin-
magnon scattering efficiency. For example, this change will result in a shift of the energy 
of the magnon bands (see Eq. 1), and if this change involves a commensurate change in the 
strain there will also be a modification to the spin-orbit coupling and exchange parameters 
at the paramagnetic defects. As a result, we interpret this fit as an upper bound on Eb. This 
is represented by the additional fits shown in Fig. S7 within the Supplemental Material 
wherein we assume a lower temperature for the nominal peak in linewidth occurring due 
to spin-magnon scattering that is experimentally preempted by the change in magnetic 
anisotropy. These alternate fits agree with experimental observations at temperatures above 
10 K, and therefore must be considered as possible mechanisms. Moreover, if the residual 
paramagnetic spins are ordered at temperatures below 10 K, one would require a large 
amount of energy (>>ℏω) to populate their excited states, which is unlikely to happen. 
Hence, magnetic ordering of the paramagnetic spins would also enhance the suppression 
of spin-magnon scattering, resulting in the sharp linewidth suppression for T < 10K. 
In conclusion, this work presents the first systematic study of magnetization 
dynamics of V(TCNE)x at low temperature. A strong variation in resonance frequency and 
anisotropy with temperature is observed, and attributed to a temperature dependent strain 
arising from the mismatch in thermal expansion coefficients between V(TCNE)x films and 
their sapphire substrates. The resonance linewidth of these films is found to increase with 
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decreasing temperature up to a maximum value of 15 G (roughly 9 times the room 
temperature value) and is well fit by a model based on magnon scattering from 
paramagnetic defect spins. Both anisotropy and linewidth revert to their room temperature 
values at temperatures below 10 K, and quantitative modeling suggests this behavior arises 
from scattering from paramagnetic defect spins that is suppressed at very low temperature. 
This suppression of spin-magnon scattering is expected to strengthen as temperature is 
decreased into the milli-Kelvin range due to freeze-out of thermal magnons and phonons, 
providing a compelling case for the utility of V(TCNE)x for low temperature microwave 
applications, such as those emerging in the field of quantum information science and 
technology. 
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Figure Legends: 
 
Figure 1  
 
(a) Schematic (planar view) of the CVD growth system; (b) FMR scan of V(TCNE)x 
thin film at 300 K with the applied magnetic field applied in the plane (IP) of the 
sample with 𝜃 = 90D and resonance frequency of 9.4 GHz. ΔHRR denotes the peak-
to-peak linewidth measured as the difference between the positive and negative peak 
positions; (c) FMR line scans for in-plane field orientation at 300 K, 80 K and 40 K 
with 𝜃 = 90D and resonance frequency of 9.4 GHz. 
 
Figure 2  
 
Angle-dependent FMR spectra at 300 K, 80 K and 40 K at different field 
orientations with respect to sample surface. Nominally the sample is rotated from  𝜃 = 	 − 10D to  𝜃 = 	100D	in increments of 10D, where 𝜃 = 	90D and 𝜃 = 	0D are 
in-plane and out-of-plane field orientations respectively. Angle corrections have 
  16 
been taken into account (through fitting with Eq. (3)) to reflect the actual rotation 
angles, denoted by the black arrows to the right of each of the temperature-labeled 
panels. 
 
Figure 3  
 
(a) Schematic of the changes in anisotropy at 300 K and 40 K. 𝑯𝒂𝒑𝒑 denotes the 
external magnetic field, 𝑯𝒅𝒆𝒎𝒂𝒈 represents the demagnetizing field of the 
V(TCNE)x film and 𝑯𝒄𝒓𝒚𝒔𝒕𝒂𝒍 is the crystal field anisotropy; (b) Resonance field at 
different field orientations plotted against sample rotation angles for 300 K and 40 
K to extract the effective field 𝑯𝒆𝒇𝒇; (c) 𝑯𝒆𝒇𝒇 plotted against temperature ranging 
from 300K – 5K   
 
Figure 4  
 
V(TCNE)x linewidth as a function of temperature and corresponding curve fit 
using Eq. (4) 
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1. Temperature dependent anisotropy of V(MeTCEC)x 
Here, we investigate the magnetic properties of vanadium methyl tricyanoethylene 
carboxylate V(MeTCEC)x thin-films using temperature-dependent cavity ferromagnetic 
resonance (FMR). The MeTCEC ligand is similar to the TCNE described in the main text, 
and these results demonstrate that strain-dependent anisotropy is a general feature of this 
class of metal-ligand materials. Figure 1a shows the molecular structures of both the TCNE 
molecule and the MeTCEC molecule discussed below. Figure 1b shows temperature-
dependent magnetization and electron transport data. Figure 1b shows magnetization vs. 
temperature data for zero field-cooled (ZFC; open black squares) and zero field-cooled 
(FC; open red circles) measurements and resistance vs. temperature data (filled black 
squares) collected for V[MeTCEC]x thin-films on the same temperature axis. Notice that 
the maximum in the ZFC magnetization curve – sometimes referred to as the blocking 
temperature[13,14] – corresponds to the rapid rise observed in the resistance data. This 
change is electronic and magnetization properties are associated with carrier freeze out and 
a magnetic phase transition in this class of materials.  
 2 
V[MeTCEC]x samples are deposited on Al2O3(0001) substrates using a previously 
reported synthesis and chemical vapor deposition (CVD) growth process.[4,16] During the 
deposition, argon gas carries the two precursors, MeTCEC and V(CO)6, into the reaction 
zone where V(MeTCEC)x is deposited onto one or more substrates. The system employs 
three independently temperature-controlled regions for the MeTCEC, V(CO)6, and 
reaction zone with typical setpoints of 55 °C, 10 °C, and 50 °C, respectively and with 
typical flow rates for each precursor of 50 sccm. Sample growth, manipulation, and 
handling is performed in an argon glovebox (O2 < 1.0 ppm; H2O < 1.0 ppm).  
After growth, samples are mounted 
onto custom microwave compatible sample 
holders in the appropriate orientation, 
protected from undesired rotation, and 
flame-sealed in evacuated electron 
paramagnetic resonance (EPR) grade quartz 
tubes without exposure to air. When not 
being measured, the sealed samples are 
stored in a -55 °C freezer and are found to 
be stable for weeks. 
Figure S2 shows four ferromagnetic 
resonance (FMR) spectra of V[MeTCEC]x 
oriented both in-plane (90°; see inset to 
Fig. 3c) and out of plane (0°) at 140 K and 
80 K. The FMR response of magnetic 
materials is sensitive to the local field 
environment of the sample and therefore 
allows for sensitive characterization of the 
anisotropy fields in V[MeTCEC]x. FMR 
measurements are performed using a Bruker 
Figure 1 (a) The molecular structures of 
tetracyanoethylene (TCNE) and 
tricyanoethylenecarboxylate (MeTCEC). (b) 
Magnetization vs. temperature curves for zero field-
cooled (ZFC; open black squares) and zero field-
cooled (FC; open red circles) measurements. On the 
same temperature axis, resistance vs. temperature 
data is shown for a V[MeTCEC]x thin-film (filled 
black squares). The corresponding dependent-axis is 
shown on the right axis. Note the maximum in the 
magnetization data corresponds to the rapid rise 
observed in the resistance data. 
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electron paramagnetic resonance spectrometer setup for X-band measurements with 
200 µW of applied microwave power and fitted with an Oxford Instruments ESR900 
cryostat insert. The cryostat is cooled by flowing liquid nitrogen and operates at 
temperatures ranging from 80 K to 300 K with better than 50 mK stability during FMR 
measurements. In standard operation, the microwave frequency of the spectrometer is 
tuned between 9 and 10 GHz for optimal microwave cavity performance before the 
measurement, and then the frequency is fixed while the DC field is swept during the 
measurement.  
Figure S2a shows FMR spectra collected at 140 K for the magnetic field applied in-
plane (𝜃 = 90°) and out of plane (𝜃 = 0°). Consistent with prior FMR measurements of 
organic-based magnetic materials,[6,16,17] the center field associated with the resonant 
feature in the in-plane spectrum is at a lower field than that of the out-of-plane spectrum, 
and therefore the easy magnetization axis is oriented in the plane of the film. This easy-
axis orientation is the expected outcome resulting from the shape anisotropy present in 
thin-film samples. Figure S2b also shows FMR spectra collected with the magnetic field 
applied in-plane (𝜃 = 90°) and out of plane (𝜃 = 0°). However, this data is collected at 
80 K, further below the maximum in the V(MeTCEC)x ZFC magnetization curve than the 
data shown in Fig. S2a. Surprisingly, the center field of the dominant resonance feature in 
the in-plane spectrum is at a higher field than that of the out-of-plane spectrum. This 
behavior seems to indicate that the sample has an easy-axis oriented out of the plane of the 
sample; the spectra show signs of a switch in the magnetic easy-axis from in-plane to out 
of plane as it is cooled from 140 K to 80 K. 
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To investigate this behavior in greater 
detail, angular-dependent data is collected in 10° 
increments as the applied field is rotated from in-
plane (𝜃 = 90°) to out of plane (𝜃 = 0°) of the 
sample. The data is shown in Figs. 3a and b for 
140 K and 80 K respectively. A gray dashed line 
is overlaid on the data to serve as a guide to the 
eye. The field shifts shown in Figs. S3a and S3b 
are consistent with those shown in Fig. 2 above. 
Figure S3c shows the center fields extracted from 
the two-angle series, emphasizing the magnitude 
of the change in the anisotropy. 
This switch in the magnetic easy-axis from 
in-plane to out of plane present in the data 
suggests the presence of an additional 
contribution to the anisotropy beyond simply 
shape anisotropy. Previously, given the isotropic 
in-plane response of thin-films at room-
temperature, additional contributions to the anisotropy had been excluded. However, the 
results here warrant the inclusion of an additional term 𝐻#, which is responsible for 
inducing perpendicular anisotropy in thin films. This additional anisotropy field has the 
same symmetry, but not necessarily the same sign, as the shape anisotropy term for thin-
films and therefore it can be challenging to distinguish its contributions from those of shape 
anisotropy. Typically, this is addressed by using an effective magnetization defined as 4π𝑀eff = 4π𝑀S − 𝐻# where 𝑀S is the saturation magnetization, and we have included the 
contribution from the demagnetization fields of a thin-film as  4π𝑀S and conformed to the 
sign conventional typical of 𝐻#. The angular-dependence of the FMR response for 
(1) 
Figure S2 (a) Single FMR line scans at 140 K for 
a sample oriented in-plane (90°) and out of plane 
(0°) with respect to the externally applied magnetic 
field. (b) Single FMR line scans at 80 K for a 
sample oriented in-plane (90°) and out of plane 
(0°) with respect to the externally applied magnetic 
field. 
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in-plane to out of plane rotation of a thin-film sample can therefore be described by,[17–19] 𝜔𝛾 = +(𝐻 − 4𝜋𝑀.// cos3 𝜃)	(𝐻 − 4𝜋𝑀.//	cos 2𝜃)	= +(𝐻 − (4𝜋𝑀7 − 𝐻8) cos3 𝜃)	(𝐻 − (4𝜋𝑀7 − 𝐻8)	cos 2𝜃), 
where ω is the resonance fequency, γ is the gyromagnetic ratio, 𝐻 is the applied field, and 𝜃 is the polar angle of the magnetization. The FMR resonance fields are more than an order 
of magnitude larger than the typical saturation field for V[TCNE]x, and therefore we have 
assumed that the magnetization is effectively parallel to the applied magnetic field (i.e. 𝜙  ≈  𝜙? and 𝜃 ≈ 𝜃@ where 𝜃, 𝜙 and 𝜃@, 𝜙@ are the polar and azimuthal angles of the 
magnetization 𝑀 and the applied bias field 𝐻, respectively). Also, note that the in-plane 
FMR response remains isotropic, with the 𝜙 dependence dropping out: 𝜔𝛾 = +𝐻	(𝐻 + 4𝜋𝑀.//)	= +𝐻	(𝐻 + (4𝜋𝑀7 − 𝐻8)) 
The data in Fig. S3c are then fit according to the dispersion relation in Eq. 1. The fits 
are shown as solid and dashed lines in Fig. 3c. The 140 K data yields an 𝐻eff = 4π𝑀eff = 
15.4 Oe ± 0.14 Oe while fitting to the 80 K data result in an 𝐻eff value of -28.3 Oe ± 
1.09 Oe. The negative value of 𝐻eff for the 80 K data means that 𝐻# > 4π𝑀S and that the 
film has perpendicular magnetic anisotropy. Note that the magnetic energy landscape, and 
therefore the angular dependence contained in Eq. 1, does not allow for the easy 
magnetization axis to take on an intermediate vector between in-plane or out of plane for 
this set of anisotropy fields. This result also implies that prior measurements of the 
anisotropy of thin-films are in fact measuring 4π𝑀eff rather than the bare 4π𝑀S as 
previously assumed.[17,20] However, as with previous studies of uniform thin-films, it is 
(2) 
 
 (𝜃 = 90°).  
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challenging to disentangle this form of 
anisotropy from 4π𝑀S, leading us to use the 
more general 𝐻eff = 4π𝑀eff. Temperature-
dependent FMR studies combined with careful 
DC magnetization measurements provide a 
promising avenue to decoupling the two 
anisotropy fields.  
In comparing the data shown in Fig. S3a 
and b, also note that at lower temperatures, the 
resonance response becomes markedly multi-
modal and appears to broaden. To investigate 
this behavior in greater detail, FMR data is 
collected over a range of temperatures with the 
applied field oriented in the plane of the 
sample. The data is shown in Fig. S4a. Note 
the clear shift of the resonant features towards 
higher field at lower temperatures as the in-
plane orientation, which is the geometry being 
measured in this data set, changes from the 
easy magnetization axis to the hard 
magnetization axis.  
The effective magnetization, 4π𝑀eff, 
extracted from the data shown in Fig. S3 
contains contributions from a perpendicular 
magnetic anisotropy energy. This 𝐻# does not 
arise from shape anisotropy in thin-films and 
must instead come from a crystal field 
Figure S3 (a) Shows FMR spectra as the sample is 
rotated from in-plane (𝜃 = 90°) to out of plane 
(𝜃 = 0°) with respect to the externally applied 
magnetic field at 140 K. (b)  Shows the FMR 
spectra as the sample is rotated from in-plane 
(𝜃 = 90°) to out of plane (𝜃 = 0°) with respect to 
the externally applied magnetic field at 80 K. (c) 
Shows the extracted center fields from the angular 
series shown in (a) and (b) with fits shown as solid 
and dashed lines. The inset shows the coordinate 
system with respect to the sample geometry. 
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anisotropy wherein the local exchange vector acquires some anisotropy due to some 
combination of lattice symmetry and strain. Given the large differences in the coefficients 
of thermal expansion for organic and inorganic materials (often varying by an order of 
magnitude or more), stain due to differential thermal expansion at the interface between 
the substrate and organic-based materials is likely creating an anisotropic strain field in the 
magnetic material. As the sample temperature is lowered, this strain field increases until 𝐻# becomes larger in magnitude than 4π𝑀S and 4π𝑀eff takes on a negative value. The 
result is a magnet with an easy-axis out of plane as shown in Fig. S3b.  
We note that qualitatively similar results were obtained for vanadium ethyl 
tricyanoethylene carboxylate (V(ETCEC)x). V(ETCEC)x is a third member of this class of 
metal ligand ferrimagnets[23,24], supporting the thesis that strain-dependent anisotropy is a 
common feature of this class of materials.  
 
2. Method for extracting linewidth from FMR scans 
The FMR scans are obtained through phase sensitive detection, where in addition to the 
static DC magnetic field the sample sees a sinusoidally modulated field component that is 
varied at the same frequency as the amplitude modulation of the microwaves reflected from 
Figure S4 (a) Shows FMR spectra of V(MeTCEC)x sample mounted in-plane 
(𝜃 = 90°) with respect to the externally applied magnetic field as a function of 
temperature. (b)  Shows the extracted peak-to-peak linewidths from the 
temperature-dependent spectra shown in (a) 
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the cavity. If there is an EPR signal, that signal is converted into a sine wave whose 
amplitude is proportional to the derivative of the signal (change in microwave power 
relative to field modulation) and appears as the first derivative of a Lorentzian function.  
 However, the line shape is not simply fit by the derivative of a symmetric 
Lorentzian. In phase sensitive measurements the microwave electric field generates 
oscillating electric currents in the sample; the oscillating magnetization due to the 
microwave magnetic field results in oscillating angles between the current flow and 
magnetization, resulting in asymmetry in the signal line shape. This warrants the inclusion 
of a dispersion or antisymmetric term that takes into account this asymmetry, therefore the 
FMR scans are fitted to the sum of the derivative of an absorption (symmetric term) and 
dispersion (antisymmetric term) from a Lorentzian. The derivatives have the following 
form: 
absorption derivative =	 −32	√3	𝐴	𝐹𝑊𝐻𝑀K(𝐵 − 𝐵M)9	[	FWHM	3 + 4(𝐵 − 𝐵M)	3	]	3 
 
dispersion derivative =	 −4	𝐷	𝐹𝑊𝐻𝑀	(𝐵 − 𝐵M)
FWHM	3 + 4(𝐵 − 𝐵M)	3 
 
where FWHM is the full-width at half-max, A is the height of the absorption derivative, D 
is the height of the dispersion derivative, 𝐵M is the location of the resonance (center) field 
and B is the amplitude of the magnetic field that is being swept at each data point. 
Therefore, the resulting line shape depends on the relative contributions of these two terms. 
(3) 
(4) 
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For scans with an out-of-plane 
easy-axis fitting with a single derivative 
sum provides good agreement with the 
data (Figure S5). But for scans with in-
plane easy-axis the appearance of a modest 
satellite peak obtaining a good fit to the 
data requires addition of up to three 
derivative sums. For FMR scans in the 
range 10 K – 80 K (out-of-plane easy-axis 
between 10 K – 100 K and negligible 
anisotropy at 80 K) the date is well fit with 
a single derivate sum. On the other hand, 
fits for scans in the high temperatures 
between 120 K – 300 K (in-plane easy-
axis) give good agreement with data when 
two derivative sums are used, a few 
requiring up to three derivative sums 
(Figure S6b).  However, FMR scans at 5 K 
21 K 
Figure S5 Shows a single derivative fit to the 
FMR data collected at 21 K 
(a) 
(b)    
Figure S6 (a) Shows a single derivative fit to the 
FMR data collected at 230 K. (b) Shows FMR 
scan at 230 K fitted to superposition of three 
Lorentzian derivative sums. (c) Amplitude of each 
sum or component plotted against magnetic field 
sweep range. YL1, YL2 and YL3 are the first, 
second and third components respectively. 
230 K: 1-derivative 
230 K: 3-derivative sum 
230 K: individual components (c)    
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(in-plane easy-axis) and 6 K (out-of-plane easy-axis) mimic the high temperature fits by 
requiring two derivative sums. 
In Figure S6a it can be seen that fitting the FMR scan at 230 K with a single 
derivative sum does not provide a great fit to the data. However, from Figure S6bi it 
becomes clear that fitting the same data with the superposition of three derivative sums or 
components (each with their distinct A, D and FWHM) gives a decent fit. In Figure 6bii the 
amplitude of each individual component is plotted against magnetic field sweep range to 
provide a visual understanding of how each component contributes to the overall FMR line 
shape.  
 
3. Temperature dependent linewidth 
 The V(TCNE)x linewidth dependence on temperature can be well explained from 
the interaction between magnons and defects in V(TCNE)x.  The latter is considered as a 
two-level system, which gets excited by the annihilation of an uniform magnon mode[25,26]. 
This process introduces a finite magnon lifetime, which in turn leads to the linewidth 
expression Eq. (4). 
 In Fig. S7, we use four different parameter sets to fit the high temperature 
experimental data using Eq. (4). All the different sets yield a good fitting for T>10K, 
although the smaller the Eb, the smaller the nominal peak in linewidth. As discussed in the 
main text, this imposes an upper bound on Eb ~ 1meV.  
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Figure S7 (a) (b), (c) and (d) show V(TCNE) linewidth as a function of temperature 
and the corresponding fit curves using fitting parameters of Eq. (4) 
(b)    (a)    
(c)    (d)    
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